A total of 660 one-day-old Ross 308 broiler chicks were randomly distributed into eleven dietary treatments. Treatments included a maize-soybean meal-based diet with recommended calcium (Ca) and non-phytate phosphorus (nPP) (positive control; PC), an nPP-deficient diet (negative control; NC), NC diets supplemented with different levels of phytase (0, 500, 1,000, 2,000, 3,000, 4,000, 5,000, and 6,000 FTU/kg), a NC diet plus 0.15% myo-inositol, and a NC diet with reduced Ca level (Ca to nPP ratio same as PC). Feeding the NC diet had no effects on birds' body weight (BW), weight gain (WG), feed intake (FI), and feed conversion ratio (FCR), but decreased (P < 0.05) tibia P contents, crude protein (CP) digestibility, and serum P, but increased (P < 0.05) serum alkaline phosphatase (ALP) activity at 21 d of age. Phytase supplementation at ≥4,000 FTU/kg improved (P < 0.05) BW, WG and digestibility of nutrients. Feeding the NC diet resulted in greater (P < 0.05) litter moisture content (42 d) and poorer gait score (21 d), but 4,000 and 6,000 FTU/kg phytase returned (P < 0.05) these parameters to that of the PC. Supplemental myo-inositol increased (P < 0.05) serum total protein, P retention, and decreased (P < 0.05) litter moisture at 42 d of age. Feeding the low Ca NC diet increased (P < 0.05) serum total protein, ileum Ca, P, and CP digestibility and decreased serum ALP activity, litter moisture and gait score compared to the NC group. In conclusion, phytase in a dose-dependent manner, especially at ≥4,000 FTU/kg levels, was effective in overcoming the negative consequences of NC diets, primarily due to the ability to improve nutrient utilization. In addition, reducing the Ca level or supplementation of inositol of NC diet can correct some the negative effects of feeding a NC diet confirming the negative effect of a wide Ca: P ratio in a P-deficient diet and suggesting that inositol may play a role in the response to phytase addition.
INTRODUCTION
Phosphorus (P) is an important macro mineral involved in bone formation and a variety of metabolic pathways (NRC, 1994) , and as a result a shortage in the diet, especially during early, rapid growth phases, may causes serious health issues, such as abnormal bone and skeletal development (Edwards and Veltmann, 1983; Atia et al., 2000) . Indeed, these abnormalities, especially in fast-growing broiler strains, can result in irregularity of gait and a reduction in the movement of birds, which consequently restricts access to drinkers and feeders, thereby depressing growth (de Jong et al., 2014) .
Unfortunately, as it is well documented in the literature, most of the phosphorus in plant feedstuffs (about 60 to 70%) is in the form of phytate (IP 6 ), which is not only less available to monogastric animals, but also capable of binding nutrients (such as Ca, Zn, Fe, Mg, Cu, starch, lipids, and certain amino acids) making them less available (Viveros et al., 2002; Pirgozliev et al., 2012) . During the last two decades, exogenous phytase sources have been used successfully to release P and other nutrients by the industry. Such effects on nutrient digestibility and performance have been well studied (Viveros et al., 2002; Cowieson et al., 2004) . However, recently the potential benefits of very high doses of phytase (>1,500 FTU/kg) to achieve almost quantitative dephytinization of the diet and generation of myo-inositol has gained scientific and industry interest. These benefits go beyond the ability of the phytase to simply release P; removing the antinutritive effects of phytate results in better 3664 feed efficiency (Pirgozliev et al., 2012; Dos Santos et al., 2013; Walk et al., 2013 Walk et al., , 2014 , an improved responsiveness of the immune system (Liu et al., 2008) , improved antioxidant status (Karadas et al., 2010; Liu et al., 2010a) , altered gene expression associate with growth (Liu et al., 2010b; Woyengo et al., 2011) , and even lower excreta moisture content (Delezie et al., 2015) , which is of utmost important in high-intensity poultry production systems. The aforementioned benefits have been attributed to the almost complete breakdown of phytic acid to myo-inositol, releasing both phosphorus and myo-inositol molecule simultaneously while removing the antinutritive phytate and lowering phosphate esters (IP5, IP4, IP3, IP2, and IP1) (Ży la et al., 2004; Cowieson et al., 2013) .
The properties and roles of myo-inositol in plants, animals, and human as a phospholipid component of membranes and lipoproteins has been well defined (Croze and Soulage, 2013) ; however, its nutritional importance is still to be determined. It has been postulated that the mode of action of myo-inositol and its derivatives, which are released due to application of a "super-dose" of phytase, is mainly via their role as an insulin mimetic, transfer of nervous impulses, release of intracellular Ca 2+ from the endoplasmic reticulum, liver glycogenolysis, platelet aggregation, osteogenesis, etc. (Croze and Soulage, 2013) . Initially myo-inositol was recognized as a lipotropic agent in poultry (Reed et al., 1968) , but some studies demonstrated its ability to promote growth in broiler chicks (Ży la et al., 2004; Cowieson et al., 2013) , decrease liver fat and increase egg production (Reed et al., 1968; Katayama, 1997) .
Although using very high doses of phytase is gaining more attention in scientific circles, more work is needed to assess the potential of using such doses of phytase beyond what is currently known as superdosing (up to 2,500 FTU/kg) in broiler chicks. Therefore, the aim of the current experiment was to evaluate the effects of variable doses of phytase up to 12 times the current industry recommendations (up to 6,000 FTU/kg) in lownPP diets on performance, serum traits, litter moisture, and leg bone health and mineralization. In addition, the effect of the release of myo-inositol in apparently P-deficient diets was investigated to determine if part of the response to superdoses of phytase is due to the release of this nutrient. Finally, the benefit of reducing Ca in a P-deficient diet was investigated to determine the scope for improving performance of such a P-deficient diet simply by balancing the Ca:P ratio.
MATERIALS AND METHODS

Bird Husbandry
The conditions and standards of rearing used in this experiment were approved by the Kurdistan University Animal Ethic Committee. A total of 660 day-old (Ross 308) broilers were purchased from a local hatchery. On day of arrival and after feather sexing, all birds were randomly allocated among 11 treatments, which were distributed across 44 pens in a completely randomized design. Each treatment was replicated 4 times (2 male and 2 female, each with 15 birds per pen) and each pen (140 × 150 cm) was covered with fine wood shavings as litter. Each pen was provided with a suspended plastic tube feeder and 2 nipple drinkers, both adjustable according to the size of birds. Birds received continuous artificial light during the first 2 d after arrival, and then kept on 23L: 1D lighting schedule thereafter. The barn temperature was initially maintained at 32
• C at the outset of the experiments, then gradually reduced to 22
• C and maintained during the rest of the trial period.
Dietary Treatments
As presented in Table 1 , the basal experimental diets were formulated to meet or exceed the broiler chicks' nutritional requirements (NRC, 1994) with the exception of Ca and nPP levels. Calculated and analyzed nutritional compositions of all experimental diets are given in Table 1 . Dietary treatments included: a corn-soybean meal-based diet with recommended levels of nPP (0.45, 0.42 and 0.39% of nPP during starter, grower and finisher period, respectively) as positive control (PC); an nPP-deficient corn-soybean meal based diet (0.30, 0.27 and 0.24% of nPP during starter, grower and finisher, respectively) as negative control (NC); NC diets which were supplemented with graded levels of microbial phytase (500, 1,000, 2,000, 3,000, 4,000, 5,000, and 6,000 FTU/kg); NC supplemented with myo-inositol at 0.15% level (Merck, Germany); NC diet with reduced dietary Ca level (0.64, 0.56 and 0.48% during starter, grower and finisher, respectively) to sustain the same Ca: nPP ratio as PC diets. The supplemented phytase was provide by AB Vista company (Quantum Blue, AB Vista Feed Ingredients, Marlborough, UK) which is produced by the genetically modified fungus Trichoderma longibrachiatum (EC 3.1.2.26; 5,000 FTU/g), and added to the basal diets as granules. One unit of enzyme activity was defined as the amount of phytase that releases 1 μmol of inorganic phosphate from sodium phytate at pH 5.5 at 37
• C. The dietary Ca and nPP contents were adjusted by substituting washed sand with the required levels of dicalcium phosphate (DCP) or limestone. To achieve maximize homogeneity of added phytase with diet, at first a small quantity of each complete diet was mixed with the enzyme and then mixed with whole of the diet to get the final concentration. At 18 d of age, the diets were supplemented with 0.3% of chromium oxide (Cr 2 O 3 ) as an exogenous marker for determining the apparent ileal digestibility of nutrients including ash, Ca, P, and crude protein (CP). All experimental diets were provided as mash form. All broilers had access to feed and water as ad libitum throughout the study (starter diet: 1 to 11, grower diet: 12 to 21 and finisher diet: 22 to 42 d of age). The vitamin premix supplied the following per kilogram of diet: vitamin A, 9,000 IU; vitamin D3, 2,000 IU; vitamin E, 18 IU; vitamin K3, 2 mg; thiamine, 1.8 mg; riboflavin, 6.6 mg; vitamin B6, 3 mg; vitamin B12, 0.015 mg; niacin, 30 mg; choline chloride, 1,000 mg; vitamin C, 300 mg; calcium D-pantothenate, 10 mg; folic acid, 1 mg. 4 The mineral premix supplied the following per kilogram of diet: Mn, 100 mg; Fe, 50 mg; Zn, 84.7 mg; Cu, 10 mg; I, 1 mg, Se, 0.15 mg. 5 Diets were formulated to meet nutritional requirements of broiler chickens according to Ross 308 strain nutritional recommendation (P and Ca content of the diets were adjusted by substituting washed sand with the required levels of DCP or limestone).
Experimental Procedure
All birds were weighed on arrival and at 21 and 42 d of ages on a group basis. Bird feed intake was also recorded during each growth period at the same time points for calculation of feed conversion ratio (FCR) after adjusting for the body weights of dead or culled birds in each growth period. Then the average body weight (BW), body weight gain (WG), feed intake (FI), FCR, and mortality rate (%) were estimated during 1 to 21, 22 to 42, and 1 to 42 d of age.
At 21 d of age, and after the birds were fed for 72 h period with Cr 2 O 3 supplemented diets (at 0.30% level), two birds per replicate were randomly selected (their BW being approximately equal to the average replicate BW), bled by wing vein puncture, weighed, and then killed by stunning followed by cervical dislocation. Then, the left tibia bones were removed, defleshed from adherent soft tissues and then stored at -20
• C until further analysis (mineral determination). At the same time point, the ileal contents of sacrificed birds (between 2 cm above the ileal-cecal junction and Meckel's diverticulum) were collected by gently squeezing. The digesta samples from both birds from each replicate were pooled and mixed thoroughly and stored at −20
• C until further analysis. The blood samples were collected, and the sera separated by centrifugation at 3,000 × g for 10 min at room temperature and separated sera were stored at -20
• C until further analysis. The left tibia bones were dehydrated in ethanol for 72 h, defatted for 72 h in diethyl ether: methanol (9:1), and dried at 105
• C for 24 h to constant weight. Then, tibia bones were ashed in a muffle furnace at 600
• C overnight in porcelain crucibles and the tibia ash percentage was expressed as grams of ash per 100 g of dry, fat-free weight of the tibia. The concentrations of Ca and P in the tibia and Ca, P, and CP (N × 6.25, macro-Kjeldahl) in diets and ileal samples were analyzed according to the relevant laboratory procedures (AOAC, 1990) . The chromium oxide contents of the experimental diets and ileal digesta samples also were determined according to Fenton and Fenton (1979) . Blood serum concentrations of Ca, P, total cholesterol, triglyceride, total protein, glucose, and alkaline phosphatase (ALP) activity were determined using enzymatic, colorimetric essays using the relevant clinical kits (Pars Azmun, Tehran, Iran). At 21 and 42 d of age, feces samples from 6 locations in each pen were collected, mixed, and their moisture content were determined in a forced air oven at 105
• C for 24 h. At 42 d of age the frequency of foot pad dermatitis and hock burns (based on visible lesions or injuries) was determined using visual ranking system based on a 4-point scale [1 = no dermatitis or lesions (normal foot pad), 2 = small dermatitis or lesions, 3 mild dermatitis or lesions and 4 = large and deep lesions] for foot pad dermatitis and a 3-point scale [1 = no lesions or burns (normal hock), 2 = small lesions or burns and 3 = mild or severe lesions or burns] for hock burns. At 21 and 42 d of age, all broilers in each pen were individually assessed for walking ability using a 3-point scale gait scoring system of Dawkins et al. (2004) as follows: 1 = easy and well balanced walking ability without any irregularity (normal gait), 2 = irregular and uneven strides and unbalanced in walking, and 3 = reluctant to move and walking only few stride before sitting down.
Statistical Analysis
All data were collected and analyzed using the GLM procedure of SAS software (SAS, 1996) in a completely randomized design. Significant differences among all dietary treatments were determined at P < 0.05 by Tukey tests. Foot pad dermatitis and hock burns prevalence, as qualitative variables, were also analyzed by Chi-square test, using the frequency procedure of SAS (1996) . The dose-response effect of supplemental phytase was computed using orthogonal polynomial contrast for liner, quadratic, and cubic effects (SAS, 1996) .
RESULTS
Growth Performance
In the present study, the mortality rate of broilers was in the expected range and was not influenced (P > 0.05) by dietary treatments (data not shown). The results showed that birds fed the NC diet with reduced nPP level (0.15% less nPP vs. PC) had no effects (P > 0.05) on BW at 21 and 42 d, and WG from 1 to 21 and 1 to 42 d of ages (Table 2 ). In addition, FI and FCR was not reduced (P > 0.05) when compared to the PC (Table 3) . Addition of phytase increased BW and WG at 21 and 42 d in a dose-dependent manner, but the commercial dose of phytase showed intermediary performance, which was not different from negative or PCs (Table 2 ). As shown in Table 2 , supplementation of NC diet with higher doses of phytase, especially beyond 4,000 FTU/kg, improved (P < 0.05) BW at 21 and 42 d of age, WG from 1 to 21 and 1 to 42 d of age (P < 0.05), although these improvements when compared with standard doses were not statistically significant (P > 0.05).
As shown in Tables 2 and 3 , supplementation of NC with 0.15% of myo-inositol tended to improve BW at 21 and 42 d of age, WG from 1 to 21 and 1 to 42 d Tables 2 and 3 , addition of graded level of phytase to the NC diets resulted in a linear positive response and a linear and quadratic positive response in BW and WG during both the starter and grower periods, respectively. Increasing phytase supplementation resulted in a linear and quadratic increase in feed intake between 22 to 42 d of age. Feed conversion ratio improved linearly with phytase dose but only during the starter phase.
As expected, sex had significant effects (P < 0.05) on BW at 21 and 42 d of age, WG over the whole experiment, FI between 22 to 42 and 1 to 42 d of age (Tables 2 and 3 ) with male birds having higher BW, WG, and FI, but lower FCR.
Serum Traits
The effects of dietary treatments on serum metabolites level at 21 d are presented in Table 4 . The broilers fed with the NC diet had comparable serum Ca level to the PC group (P > 0.05); however, addition of phytase, especially at the higher levels (upto 2,000 to 6,000 FTU/kg) decreased serum Ca. Birds fed the myoinositol supplemented diets or Ca-reduced NC diets had the same serum Ca level as NC groups.
Reducing dietary nPP levels decreased serum P levels (P < 0.05) compared to the PC group. However, addition of phytase, especially at the highest dose (up to 6,000 FTU/kg) increased bloods serum P content (P < 0.05). Myo-inositol supplementation or reducing Ca level in NC diet had no effect on serum P content (P > 0.05). Birds fed the NC diets had higher levels of serum ALP content compared with the PC; however, addition of phytase especially at levels greater than 4,000 FTU/kg, reduced (P < 0.05) serum ALP resulting in levels equivalent to the PC diet. Addition of myo-inositol to the NC did not influence serum ALP contents (P > 0.05), but the effect of reducing the Ca level of the NC was more pronounced in this regard (P < 0.05).
In the present study, neither cholesterol nor triglyceride content of serum was influenced by different dietary treatments. Compared to the PC group, serum total protein tended to decrease (P > 0.05) in broilers fed the NC diet and addition of phytase at all levels of inclusion improved this to a level comparable or higher than the PC group. Feeding the myo-inositol supplemented or the Ca reduced NC diets also increased (P < 0.05) serum total protein content back to that of the PC. Serum glucose concentration was not affected consistently by the addition of different doses of phytase or myo-inositol to NC diets. Birds fed low Ca-NC diets had serum glucose concentrations not different compared to NC or PC groups (Table 4) . Increasing dietary phytase levels resulted in linear and quadratic changes in serum calcium, ALP, and total protein contents at 21 d of age, whereas the effects on serum triglyceride and glucose contents; tibia bone mineralization, and ileum nutrient contents indices were all linear in relationship with no quadratic element (Tables 4 and 6 ).
As shown in Tables 4 and 6, blood serum traits or litter moisture (%) were not influenced by bird sex at 21 d of age.
Ileum Nutrient Content
As shown in Table 5 , reducing dietary P content had no effects on ileum ash and Ca contents (%) or ash, Ca and P digestibility percentages at 23 d of age (P > 0.05) but it did lower (P < 0.05) ileum P content, and reduced ileum protein digestibility rate (%). Addition of phytase to NC diet, especially at higher doses, reduced ileum ash, Ca, P, and CP content (%), and improved ileum Ca, P, and CP digestibility to a level comparable (Ca and CP) or higher (P) than the PC group.
The myo-inositol supplemented diets also had lower ileum P, but the similar ileum ash, Ca, and CP contents (Table 4) as the NC. Ileum Ca, P, and CP digestibility (%) were not influenced by myo-inositol addition to the NC diet. As shown in Table 5 , reducing the Ca level of NC diet reduced ileum ash, Ca and CP contents and increased ileum Ca, P, and CP digestibility (%) compared to NC group. As indicated in Table 5 , ileal nutrient content and digestibility (%) were not influenced by sex or treatment × sex interaction at 23 d of age but males had lower ileum phosphorus and CP contents (P < 0.05).
As indicated in Table 6 , birds fed the NC diet had higher litter moisture contents at 42 d of age compared with the PC (P < 0.05). However, addition of phytase, especially at higher levels than commercial recommendations, reduced litter moisture content compared to the NC in what appeared to be a dose-dependent manner. Addition of myo-inositol to the NC diets reduced litter moisture at 42 d of age (P < 0.05), but this was still higher than the PC group. Reducing the Ca level of NC diet lowered litter moisture at 42 d of age, but its effect was not significant at 21 d of age (P > 0.05).
Tibia Bone Mineralization and Health
At 23 d, the NC diet had no effect on tibia ash and Ca percentage (Table 6 ) compared with the PC group (P > 0.05), but it did have lower (P < 0.05) tibia bone P content (%). Supplementation of NC diets with phytase, particularly at high doses, improved (P < 0.05) tibia bone ash and P contents. Addition of myo-inositol to the NC diets had no influence on tibia ash, Ca, and P content compared to NC group. Reducing the Ca level of NC diet had no influence (P > 0.05) on tibia bone ash, Ca, or P content.
Chi-square analysis showed a difference (P < 0.05) among dietary treatments effects on foot lesions at 42 d and gait score at 21 d of age (Table 7) . The NC group tended to have greater (P < 0.05) irregularity of gait (21 d) in their legs than the PC group. Phytase, particularly at high doses, decreased the score of hock burns and irregular gaits (21 d) relative to NC group. It was also found that the uneven gait score at 21 d of age tended to decrease in the birds fed low Ca-NC diet. Foot pad lesion score and gait score were not decreased in birds fed NC supplemented with myo-inositol.
The results indicated linear relationships between phytase dose and tibia bone mineralization, litter moisture content and foot health traits (Tables 6 and 7 ). In addition, male had higher (P < 0.05) tibia ash and phosphorous contents at 23 d of age compared with females. Gait and incidence of foot pad lesions and hock burn score at 21 and 42 d of age were not influenced by sex or sex × treatment interaction.
DISCUSSION
Supplemental phytase especially at high dose (≥4,000 FTU/kg) was able to increase the growth rate of broiler chickens to a level comparable to the PC group, which has also been shown by many previous investigators (Walk et al., 2014; Manobhavan et al., 2016) . The improvements in broiler performance by phytase can be largely attributed to the release of P in P-deficient diets and eliminating the adverse effects of phytate on digestibility of various dietary nutrients such as Ca, Zn, Fe, starch, lipids, and certain amino acids (Walk et al., 2014) . In the present study, FCR was affected by the nPP level of diets, in agreement, Walk et al. (2014) and Vieira et al. (2015) reported an increase in FCR of broilers fed with an inadequate-P diet. Feeding very high levels of 4,000 to 6,000 FTU/kg of phytase during 1 to 21 d of age reduced FCR which is in agreement with the work reported by Walk et al. ( , 2014 . Some reports show that inclusion of high levels of phytase, i.e., 1,500 FTU/kg and above, could bring further improvements in performance compared with commercially recommended levels (Karadas et al., 2010; Pirgozlev et al., 2012; Dos Santos et al., 2013; Walk et al., 2014; Manobhavan et al., 2016) ; however, in the present study, inclusion of high doses of phytase had no effect on broiler performance, despite the numerically greater BW, WG, and FI compared to the PC group. Cowieson et al. (2006) reported an increase in WG of broilers fed inadequate-P diet by phytase supplementation from 150 to 24,000 FTU/kg which was greater than those fed the P-adequate diet. Walk et al. (2013) showed that addition of microbial phytase at a dose of 1500 FTU/kg to low-P diet improved growth performance of broilers compared to the PC group. The effect of myo-inositol on growth performance of broilers is equivocal, with some studies demonstrating that myo-inositol is not required for poultry (Pearce, 1972) and others suggesting it is (Żyla et al., 2013) . In the past it was shown that supplementing broiler and laying hen diets with myo-inositol affects growth performance inconsistently, dependent on Ca and P levels of diet, phytase addition, phytase type and the age of the birds (Ży la et al., 2004; Cowieson et al., 2013; Ży la et al., 2013) . In this work it was noted that addition of myo-inositol to P-deficient diets did not significantly improve performance but it did numerically increase body weight and reduce FCR such that performance was not different from the PC. Clearly myo-inositol cannot replace phosphorus but these data do suggest that there may be a role for this compound in maintaining performance in such diets.
Our results also showed that the broilers performed remarkably well with low-Ca NC diet where there was no difference in growth rate and feed intake of broilers compared to the PC group. Past research indicated that reducing Ca content of an inadequate-P diet to the extent that the minimum Ca requirement for maximum production of poultry is provided, resulted in enhanced efficacy of phytase and utilization of nutrients other than P, and thus, improved broiler performance (Atia et al., 2000; Delezie et al., 2012) . The negative effect of high levels of Ca or imbalanced Ca: P in the diet may be explained by the formation of insoluble Ca-Phytate complexes and an increase in the pH of the proximal gastrointestinal tract as well as interactions with proteins and de novo formation of binary protein-phytate complexes (Selle and Ravindran, 2007) .
In agreement with our results, there are numerous studies available on the effectiveness of phytase in inadequate P broiler diets on tibia ash, P and Ca mineral contents which can be related to the increase in the availability and retention of minerals that are associated with mineral-phytate complexes in broiler chickens (Vieira et al., 2015; Manobhavan et al., 2016) . Tibia ash, Ca and P contents were even greater in broilers fed the diets supplemented with higher levels (5,000 and 6,000 FTU/kg) of phytase than that of the PC group. It is recognised that the requirements for Ca and P for optimum tibia ash is greater than is recommended for optimizing growth performance (Yan et al., 2003) . It seems that the birds fed with phytase at low levels of inclusion were still deficient in tibia ash, P and Ca mineral contents, even though growth performance was equivalent to the PC group and hence bone ash is a better response variable to determine phytase efficacy in vivo (Dos Santos et al., 2013) . Given that myo-inositol had no effect whatsoever on bone parameters it is clear that this compound plays little if no role in bone health in P-deficient birds.
Decreased P minerals in serum of broilers fed with the NC diet are in agreement with the previous studies (Viveros et al., 2002) . A diet with low P content has a high Ca:P ratio and results in increased serum Ca and decreased bone mineralization due to lack of 4 NC, low Ca: NC diet with low Ca and nPP (as PC diet). 5 Based on 1 = normal (no lesion or burn), 2 = small lesion or burn on pads and hocks, and 3 = mild or severe lesion or burn on pads and hocks.
6 Based on 1 = normal gait, 2 = irregular gait and uneven strides in walking, and 3 = reluctant to move and walk only few stride before sitting down (Dawkins et al., 2004) .
a-d Means within column and under each main effects with no common superscript differ significantly (P < 0.05).
adequate availability of P. However, the ability of phytase to improve P availability by hydrolyzing phytatebound P in poultry diets and thereby increase serum P and decrease serum Ca were in agreement with the previous studies (Viveros et al., 2002; Manobhavan et al., 2016) . Birds fed with the diet supplemented with 6,000 FTU/kg of phytase had even higher serum P than the PC suggesting even greater P availability on this compared with the PC (Manobhavan et al., 2016) . Increased ALP activity in the plasma is associated with disorders in the bone (Brenes et al., 2003) and may be related to Ca or P-deficiency or excess Ca:P ratio in diet. Huff et al. (1998) and Viveros et al. (2002) reported decreased ALP activity by phytase addition to low-P diets probably due to the down-regulation of this enzyme as a result of the increased availability of P (Catalá-Gregori et al., 2006) . In the present study, dietary treatments had no effect on the serum cholesterol and triglyceride which contrary to the results of previous studies (Liu et al., 2010a; Cowieson et al., 2013; Ży la et al., 2013) . Decreased total protein in the serum of birds fed with the NC diet and its subsequent increase on feeding phytase is in agreement with the findings of Viveros et al. (2002) . Such a response might be due to phytate interfering with protein digestion and thus phytase releasing this constraint (Viveros et al., 2002) . In addition serum protein may be influenced by hepatic metabolism which is sensitive to protein and phosphorus supply (Underwood and Suttle, 1999) .
In agreement with our results, it has been found that supplemental myo-inositol had no effect on tibia ash in broilers (Ży la et al., 2013) . There is little evidence to support the role of myo-inositol on ALP activity; however, it might be related to the formation of inositol phosphates in gastrointestinal lumen from free inorganic P and inositol. Furthermore, the role of myoinositol in osteogenesis and bone mineral development is previously shown in mice (Dai et al., 2011) . The increase in serum total protein by myo-inositol may be attributed to its presence in phospholipids in conjugation with the circulating serum lipoproteins (Croze and Soulage, 2013) and thereby increased the blood serum total protein.
A reduction in Ca content of the NC diet had no impact on tibia mineralization as has been shown before (Delezie et al., 2012) . The reduction in ALP activity by feeding the low-Ca NC diet is possibly due to an improved balance between Ca and P compared to the NC group. In contrast to the fact that low Ca intake can negatively influence insulin sensitivity (Pikilidou et al., 2009 ) and result in the high level of glucose and insulin (Cowieson et al., 2013) , feeding broilers with low-Ca NC diet had no effect on serum glucose level.
The negative impacts of feeding broilers with the NC diet on apparent ileal digestibility of protein and improved by phytase indicating that phytase can have enhancing impacts on bioavailability and absorption of several dietary nutrients as well as endogenous digestive enzymes as indicated previously (Viveros et al., 2002; Cowieson et al., 2004; Selle and Ravindran, 2007) . In agreement with our results on protein digestibility, Pirgozliev et al. (2012) observed that higher level (12,500 FTU/kg) of phytase in a low-P diet improved the total tract amino acid digestibility compared to 500 FTU/kg of phytase. On the other hand, increased pH of gizzard in broilers fed a diet with higher Ca level or imbalanced Ca:P ratio not only reduce solubility of Ca and P minerals but also reduce efficacy of pepsin digestion (Bedford et al., 2016) , which may reduce digestibility of proteins. The increase in CP digestibility with myo-inositol supplementation was marginal but we believe to be a novel finding. It may relate to the physiological roles of myo-inositol in metabolism and involvement in the AKt and mTOR pathways which would likely also influence blood serum total protein (Cordoba et al., 1996) . Improved digestibilitiy of nutrients including Ca, P and CP by feeding a low Ca diet are in agreement with previous results (Delezie et al., 2012) . High dietary Ca to nPP ratios will reduce the digestibility and absorption of inorganic soluble forms of P as a result of increased precipitation of insoluble Ca-P complexes (Delezie et al., 2012) .
The increased litter moisture of birds fed the NC diet compared with the PC group might be due to feeding the imbalanced diet with a greater Ca:P ratio in the NC diet, which can disturb water retention, thus leading to increased wet litter (Pos et al., 2003) . Excessive dietary Ca intake has been shown to increase water intake and excreta moisture (Johnson and Karunajeewa, 1985) . However, Delezie et al. (2015) reported no difference in litter moisture content of broilers fed diets differing in Ca and P levels. The moisture content of excreta is closely related to digestive efficiency, so the ability of phytate to reduce nutrient digestibility may have a direct influence on litter quality. Furthermore, phytate, by increasing or changing the transfer and secretion patterns of endogenous Na into the gastrointestinal tract, leads to an imbalance in the dietary electrolyte balance of intestinal digesta in chickens, can thereby create a wet litter problem (Cowieson et al., 2004) .
Lower incidence of gait score at 21 d of age in birds fed the NC diet supplemented with very high dose of phytase was related to less moisture in the litter compared to NC group. Mayne et al. (2007) and Bilgili et al. (2010) reported that high litter moisture alone is sufficient to cause higher incidence of foot pad dermatitis and hock burns in broilers. It has recently become clear that inclusion of high doses of phytase in broiler diets resulted in drier litter and lower foot pad dermatitis incidence and this was replicated in our work, with higher doses resulted in better litter and hock and gait scores. Delezie et al. (2015) reported no difference in litter moisture content among the birds fed diets with different Ca and P content and phytase supplementation; however, in that study, the prevalence of foot pad dermatitis and hock burns was decreased with phytase supplementation. The lower phytase doses were not as sufficient as high doses, suggesting that the reduced litter moisture and the incidence and severity of foot lesions through high doses of phytase may be attributed to the better balance of electrolytes. There are no reports on the effect of supplemental myo-inositol in broiler diet on litter quality, but the observation of a decreased trend in moisture content might be associated with improved P utilization as mentioned previously. Lower litter moisture was also seen with feeding the low-Ca diet, which, again, might be due to better balance in Ca and P level in the diet compared to NC diet. Given the observation that higher doses of phytase result in greater inositol release/provision, it is possible that a portion of the "litter drying" effect of very high doses of phytase is due to the inositol it releases.
Considering that the maximum growth in the proximal tibia of fast-growing broiler chickens occurs between 2 to 3 weeks of age (Thorp, 1988) , any nutritional deficiency conditions such as critical mineral shortages would exert particularly negative effects at this age on the bone growth plates and likely cause bone disorders (Rennie et al., 1993) , which is continuing concern for animal welfare. The higher gait score of birds fed with the NC diet than the PC group at 21 d of age might be due to a decrease in weakness of the skeleton system and walking ability of birds as a consequence of abnormal bone development (Edwards and Veltmann, 1983) . On the other hand, decreased walking ability of the bird may increase the contact time of the skin of the foot with the wet litter and thereby increasee the incidence of foot lesions. Atia et al. (2000) reported the greater incidence of locomotor abnormalities in leg of growing turkeys when fed with low-P diet than control group. The reduced Ca level of NC diet led to lower litter moisture percentage and partially tended to have lower irregular gait score compared to the NC group at 21 d of age. Delezie et al. (2015) found that reducing Ca and P contents of diet if done in a balanced way can reduce the prevalence of foot lesions compared to imbalanced low P diet; however, in that study, litter moisture was not affected by Ca and P contents of dietary treatments.
CONCLUSIONS
On the basis of these results, it is concluded that supplementation of phytase into a low P diet at doses typically used under commercial conditions was not as effective as high doses in compensating for growth and tibia mineralization deficiencies. Indeed, only high doses of phytase were able to improve nutrient retention and digestibility, reduce litter moisture content and the incidence and severity of foot lesions, which may be attributed to the extra-phosphoric effects of phytase in broiler nutrition. Part of the growth response may be down to the myo-inositol released but the lack of effects of this compound on bone mineralization suggests myo-inositol supplementation needs further research. The lack of difference in growth performance and tibia mineralization between the birds fed with PC diet and low-Ca NC diet suggests that the level of Ca in a broiler diet should likely be much lower than current recommendations, and that higher levels of Ca in low-P diets are actually detrimental to performance and litter quality.
